Abstract Theoretical calculations have been used to examine singlet oxygen release from a naphthalene endoperoxide which bears a flexible (CH 2 ) 22 polymethylene ''lid''. Monte Carlo and ONIOM calculations that incorporated semi-empirical and density functional theory predicted the conformational influence of the polymethylene chain in the cycloreversion of dioxapaddlane, 1,4-diicosa naphthalene-1,4-endoperoxide, to 1 O 2 and 1,4-diicosa naphthalene. This study attempts to build a connection between 1 O 2 generation and ''jump rope'' dynamics of the dioxapaddlane.
Introduction

1,4-Dimethyl naphthalene (1) reversibly binds
1 O 2 ; upon heating, the naphthalene endoperoxide (2) dissociates into 1 O 2 and a small amount of 3 O 2 (Scheme 1) [1] . Modifications of substituents at the 1,4-positions of naphthalene have been made [2] [3] [4] [5] [6] [7] [8] . Naphthalene 3 has bulky substituents slowing the rate of 1 O 2 addition at the 1,4-positions so that binding at the 6,9-positions also took place [9] [10] . For an example of a tetracene system see [11] . Singlet oxygen release has also been examined in polymeric endoperoxides [12] [13] [14] [15] [16] [17] [18] [19] such as 1,4-dimethyl-2-poly(vinylnaphthalene-1,4-endoperoxide) [19] . But no studies have yet focused on the 1 O 2 release from a naphthalene endoperoxide molecule bearing a ''lid''. Computational methods can be applied to such a problem; however, such studies remain highly challenging. Owing to its multiconfigurational character, computational studies on 1 O 2 with compounds containing 10 or more carbon atoms are rather uncommon [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . Encouragingly, Wasserman et al. [31] showed that B3LYP/ 6-311?G(d) calculations reproduced the experimental energetics of several naphthalene-1 O 2 /naphthalene endoperoxide pairs-including compounds 1 and 2. Due to the success of the study of Wasserman et al. [31] , one may anticipate that replacing the methyls at the 1,4-positions with a polymethylene bridge would be amenable to computation [e.g., 1,4-diicosa naphthalene (5) and 1,4-diicosa naphthalene-1,4-endoperoxide (6)] (Scheme 2).
Researchers have examined polymethylene-bridged molecules for many years [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] . The length and anchor position of the polymethylene chain can expose or ''hide'' a reactive site of a compound (Scheme 3). In 1980, Busch et al. [44, 45] showed that the chain of length six (rather than five) methylenes increased the affinity of oxygen in cobalt cyclidene 7, which formed a CoO 2 adduct. In 1980, Marshall [32] showed that unlike trans-fused 9, cis-fused 8 forms a colored charge-transfer complex with tetracyanoethylene (TCNE) due to its less shielded alkene site. Another intriguing class of polymethylene-bridged compounds are paddlanes, such as structures 10-12 [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] . Theoretical calculations yielded valuable information on the reactivity and conformational properties of polymethylene-bridged compounds [57] [58] [59] [60] [61] and paddlanes [62] [63] [64] .
Here, we present results of Monte Carlo and ONIOM calculations that incorporated AM1 and B3LYP to analyze the conformational influence of the polymethylene chain in the cycloreversion of 6, yielding 1 O 2 and 5. The 5/6 pair was selected because the polymethylene chain was sufficiently long, that it could undergo rope-skipping conformational changes on the basis of Dreiding models creating a possible O 2 binding site at the 23,26-positions (Scheme 2). Binding or release of 1 O 2 at the 28,31-positions was not computed. The idea was that chain rotation (full-circle versus semi-circle) might lead to increased endoperoxide stability at higher temperatures based on an increased rate of rotation, which led us enquire into a possible oxygen ''gatekeeper'' mechanism.
Computational details
Semi-empirical and density functional theoretical (DFT) calculations were conducted with the Gaussian 03 program package [65] . Monte Carlo calculations were conducted with Hyperchem 8.0 (Hypercube, Inc., Gainesville, Fl). Standard computational protocols were used [66] . 6TSa/b, 6TSb/c, 6TSc/d, 6TSd/e, and 6TSe/a were assumed to be transition state structures, since they cannot be examined by IRC calculations. All energetics obtained were corrected for zero-point energies (ZPE). The ONIOM treatment separated the lid from the rest of the molecule, in which the junction between B3LYP/6-311?G* and AM1 was at the C(2)-C(3) and C(20)-C(21) bonds (cf. Schemes 2 and 4).
Results and discussion
Singlet oxygen release from endoperoxides
Our first aim was to evaluate whether naphthalene endoperoxide decompositions could be accurately computed with the fairly low-cost computational methods B3LYP/6-311?G*//AM1 and ONIOM(B3LYP/6-311?G*:AM1). Our paper builds on Wasserman's previous DFT study of naphthalene endoperoxides, in which the B3LYP/6-311?G* energy of 1 O 2 was estimated to be -150.30756 Hartrees [31] . AM1 and B3LYP/6-311?G* transition state structures (TSs) corresponding to the decomposition of naphthalene endoperoxide 2 to naphthalene 1 and 1 O 2 are shown in Fig The decomposition of naphthalene endoperoxides is reminiscent of retro Diels-Alder reactions of ''masked'' dienes (Scheme 5) [68] [69] [70] [71] . Masked dienes such as compound 19 are similar to the naphthalene compounds studied here, in which DFT methods often yield results in excellent agreement with experiment [68] [69] [70] [71] [72] [73] [74] ; although, the B3LYP functional is not devoid of shortcomings especially with larger sized molecules [75, 76] . We find the decomposition of endoperoxides 2, 6, 14, 16, and 18 to be endothermic by 6-17 kcal/mol ( Table 1 ). The energy of 2 relative to 1 and 1 O 2 was similar with B3LYP/6-311?G* (11 kcal/mol) and B3LYP/6-311?G*//AM1 (13 kcal/mol) calculations. The activation energy barriers for the release of 1 O 2 from the endoperoxides ranged from 20 to 28 kcal/mol. The B3LYP/6-311?G*//AM1 structure TS-AM1 (25 kcal/mol) was predicted to be 4 kcal/mol higher in energy than the B3LYP/6-311?G* structure TS-B3LYP (21 kcal/mol) for the reaction of 2 to 1 and 1 O 2 . The computed barrier f The global minima for 1,4-diicosa naphthalene 5 and 1,4-diicosa naphthalene-1,4-endoperoxide 6 were found based on a Monte Carlo conformational search of the potential energy surface with the MM? force field and reoptimization of the lowest energy conformers by ONIOM(B3LYP/6-311?G*:AM1) g Ref. [31] heights are similar to the experimental free energy barriers [cf. experimental value of 2 (DG à = 23.6 kcal/mol) with B3LYP/6-311?G*//AM1 (DE à = 25 kcal/mol), and the experimental value of 17 (DG à = 25.9 kcal/mol) with B3LYP/6-311?G*//AM1 (DE à = 26 kcal/mol)]. ONI-OM(B3LYP/6-311?G*:AM1) produces an activation energy of 22 kcal/mol when the junction between B3LYP and AM1 was situated at the methyl and methylene carbon atoms in the 15/16 pair (Reaction C, Table 1 ). The qualities of the energetics of the B3LYP/6-311?G*//AM1 and ONIOM(B3LYP/6-311?G*:AM1) calculations were very good compared with those obtained with B3LYP/6-311?G* and experimental observations [31] . The data suggested that naphthalene endoperoxide decompositions can be computed to within ±3 kcal/mol with B3LYP/6-311?G*//AM1 for 2, 14, 16, and 18, and ONIOM(B3LYP/ 6-311?G*:AM1) for 6 and 16.
Conformational analysis of ''jump rope'' endoperoxide 6
Our second aim was to compute the lowest energy path for 6 corresponding to a 360°circular rotation of the polymethylene chain around the endoperoxide core. Endoperoxide 6 is an example of a paddlane, where the fused benzene and peroxide groups are rigid, and the polymethylene chain is very flexible. Conformations of 6 were searched by the Monte Carlo method with the MM? force field followed by AM1 optimizations. The dihedral angle h = C(25)-C(26)-C(1)-C(2) was followed in 10°i ncrements and the dihedral angle / = C(24)-C(23)-C(22)-C(21) was followed in 15°increments, each independently, for the 360°rotation of the rope (i.e., 36 9 24 grid) (Fig. 2) . The dihedral angle h is positive for a counter clockwise movement from C(2) to C(25) as one looks from C(1) to C (26) . The / dihedral angle is positive for a counter clockwise movement from C(21) to C(24) as one looks from C(23) to C (22) . Due to the high flexibility of the polymethylene chain, each of the 864 points on the 36 9 24 grid (not surprisingly) possessed thousands of conformations. For example, 6a was found from a search of 4456 conformations, which arose from an initial geometry that was chosen to have the polymethylene group facing anti to the fused benzene ring. Thus, restrictions were applied to obtain a rough estimation as to the nature of the conformational potential energy surface. Cutoff criteria were used where each of the 864 points on the 36 9 24 grid was limited to 10,000 optimizations and a rejection criteria of 6 kcal/mol. This cutoff criteria led to the generation of *200 conformations for each of the 864 points. The resulting lowest energy conformation from these *200 conformations was optimized by AM1 and then reoptimized by ONIOM(B3LYP/6-311?G*:AM1). The lowest energy pathway for the 360°rotation of the polymethylene chain in 6 was deduced from the threedimensional plot in Fig. 2 . Figure 3 shows the most important geometries, in which conformers are displayed in side-on views. The jump rope rotation process is not particularly remarkable. As expected, we find that 6a is the global minimum, in which the polymethylene chain is anti to the largest of the three paddles of the paddlane, the fused benzene ring. The torsion angles optimized for 6a were h = 54°and / = 60°. A transition state has been located (6TSa/b) connecting 6a with 6b, which predicts the C (23) represents the polymethylene chain passing over the fused benzene ring and was the highest point on the PES (17 kcal/mol, Fig. 3 ) due to a repulsive steric interaction between the benzene hydrogens and the methylene hydrogens. Rotamer 6d has the polymethylene chain anti to the peroxide group. Transition state 6TSd/e has the C(1)-C(2) and C(25)-C(26) bonds eclipsed, in which with h = 0°and / = 56°. Rotamer 6e has the C(1)-C (26) connecting point of the chain gauche to the peroxide and alkene, the C(22)-C(23) connecting point of the chain gauche to the fused benzene and alkene. Rotamer 6e 0 has the C(22)-C(23) connecting point of the chain gauche to the peroxide and alkene, and the C(1)-C(6) connecting point of the chain gauche to the fused benzene and alkene. Transition state 6TSe/a connects 6e with 6a, in which the activation barrier is 5 kcal/mol where h = 49°and / = 0°.
The two-layered ONIOM approach using DFT and semiempirical theory often performs well and supports experimental findings [77] [78] [79] [80] . Nonetheless, our Monte Carlo and ONIOM approach was further investigated to determine whether it would successfully reproduce the experimental energetics of a test compound, dioxa-1,5-naphthalenophane (19) , which involved a 180°rotation in a ''jump rope'' enantiomerization reaction (Fig. 4) [58, 59] ., 19 9 19 grid) . Cutoff criteria were used (similar to that for 6) where each of the 361 points yielded *200 conformations, in which the lowest in energy was optimized by AM1 and then reoptimized by ONIOM(B3LYP/ 6-311?G*:AM1). The dihedral angle h is positive for a clockwise movement from C (20) to C(1) as one looks from C(21) to O(1). The / dihedral angle is positive for a clockwise movement from O(2) to C(13) as one looks from C(15) to C (14) . The transition structure connecting 19 with 19 0 on the front portion of the figure contained / = 117°a nd h = 162°. A similar transition structure can be found at the back portion of the figure, which represents an approximate mirror image of the first transition structure. This Monte Carlo and ONIOM treatment resulted in an activation energy (DE à = 6 kcal/mol) for a 180°rotation of the jump rope in 19, which was similar with the experimental enantiomerization process measured to be 7.6 ± 0.8 kcal/mol [58, 59] . Even though the reproduction of the experimental enantiomerization barrier in 19 was successful, the conformational search on endoperoxide 6 may miss some details. For example, there was no guarantee that the minima found at each step were accessible in a continuous revolution of the angles on the 36 9 24 grid. The 22 C atoms in the ring have *60 heavy-atom vibrational modes, in which the hydrogen atoms are assumed not to affect the matter substantially. Thus, 10,000 Monte Carlo steps may be sufficient to find a minimum if the structure is well-behaved; that is, in a simpler system relative to a structure such as 6, which had a significant number of local minima.
Effect of the polymethylene lid on 1 O 2 formation
Our third aim was to examine the influence of chain rotation of 6 with the unimolecular formation of 1 O 2 and 5. The calculations determined conformational stability of 6 based on the position of the polymethylene bridge and a trend for dissociation of 1 O 2 with the ''active'' forms 6d, 6e, 6a ) 6b, 6c appearing in different order compared to conformer stability 6a [ 6b [ 6c [ 6e [ 6d. ONIOM saddle points like the one connecting 6 with 5 and 1 O 2 have been located for conformers 6a, 6d, and 6e. Attempts at transition state optimizations for 6b and 6c resulted in rotation of the polymethylene bridge away from the dissociating 1 O 2 site. Only those conformations that did not have the polymethylene lid situated over the peroxide group readily decomposed to 1 O 2 and 5. For example, rotamer 6d had the polymethylene lid gauche to the benzene and ethylene groups so the peroxide group is highly exposed. Due to the low rotation energies connecting conformers 6a-6e via 6TSa/b, 6TSb/c, 6TSd/e, and 6TSe/ a, we postulate that the polymethylene chain functions as a gatekeeper for the oxygen, protecting the peroxide moiety, and potentially limiting the dissociation of 1 O 2 from the naphthalene site.
The B3LYP/6-311?G*//AM1 activation energy for the dissociation of 1 O 2 from 6a (DE à = 28 kcal/mol) was predicted to be higher for 2 (DE à = 25 kcal/mol), but the ONIOM(B3LYP/6-311?G*:AM1) activation energy for 6a was found to be lower (DE à = 22 kcal/mol), but no trend emerges (Table 1) . Naphthalene 5 may reversibly bind 1 O 2 , and while this process was not modeled, one may expect that the jump rope substituent at the 23,26-positions of naphthalene would slow the rate of 1 O 2 addition to 5 so that competitive binding of 1 O 2 at the 28,31-positions could also take place [9] [10] [11] . Reiterating a point made in the Introduction, the bulky maloamide substitutents in 3 are known to exert steric interactions that slowed binding of 1 O 2 at the 1,4-positions, binding of 1 O 2 at the 6,9-positions in a ratio of *1:100 (1,4:6,9).
Conclusion
Our computational examination of a hypothetical 1 O 2 -carrier 6 was inspired by rope-skipping molecules that have been the subject of study for over 30 years . The qualities of the energetics of 1 O 2 dissociation from naphthalene endoperoxides with B3LYP/6-311?G*//AM1 and ONIOM(B3LYP/6-311?G*:AM1) were very good compared with those obtained with B3LYP/6-311?G* and experimental observations [1, 31] . The energetics of 1 O 2 dissociation from the naphthalene site can only be tentatively determined in relation to the position of the (CH 2 ) 22 polymethylene lid due to the need for improved models that can compute the dynamics of the lid and the extent of chain clearance required in the singlet oxygen release process. Conformers 6b-6e were 4 kcal/mol or less above the global minimum 6a, and the polymethylene chain favored semi-circle rotation where the ability to dissociate 1 O 2 from conformers 6b and 6c was diminished due to shielding. In a similar vein, a large body of literature is available for 1 O 2 generation, and a growing fraction of it is focusing on the escape of 1 O 2 from confined and shielded environments [81] [82] [83] [84] [85] [86] [87] .
